Abstract When the helicotrema was obstructed in guinea pigs, trapezoidal displacement of the round window membrane produced a trapezoidal microphonic which indicated a unidirectional displacement of the entire length of the basilar membrane. Responses of single auditory nerve fibers to the trapezoidal displacement of the round window membrane were recorded after obstruction of the helicotrema. About 39 % of the 424 fibers showed tonic responses which demonstrated directional sensitivity. More than 90 % of these fibers increased their discharge rate during displacement of the basilar membrane toward the scala tympani and decreased their discharge rate during oppositely directed displacement. Less than 5 % of the tonic fibers responded in the reverse manner. About 23 % of the auditory nerve fibers responded to onset and/or cessation of trapezoidal motion of the basilar membrane. About 28 showed a combination of the tonic and phasic responses. However it is probably that all phasic responses we observed do not arise from velocitysensitive fibers but some may represent artifacts. Both possibilities remain open until further studies are performed. The transduction mechanism of the cochlea is discussed on the basis of our data obtained by unidirectional displacement of the basilar membrane.
Abstract When the helicotrema was obstructed in guinea pigs, trapezoidal displacement of the round window membrane produced a trapezoidal microphonic which indicated a unidirectional displacement of the entire length of the basilar membrane. Responses of single auditory nerve fibers to the trapezoidal displacement of the round window membrane were recorded after obstruction of the helicotrema. About 39 % of the 424 fibers showed tonic responses which demonstrated directional sensitivity. More than 90 % of these fibers increased their discharge rate during displacement of the basilar membrane toward the scala tympani and decreased their discharge rate during oppositely directed displacement. Less than 5 % of the tonic fibers responded in the reverse manner. About 23 % of the auditory nerve fibers responded to onset and/or cessation of trapezoidal motion of the basilar membrane. About 28 showed a combination of the tonic and phasic responses. However it is probably that all phasic responses we observed do not arise from velocitysensitive fibers but some may represent artifacts. Both possibilities remain open until further studies are performed. The transduction mechanism of the cochlea is discussed on the basis of our data obtained by unidirectional displacement of the basilar membrane.
The encoding of acoustic stimuli in the auditory nerve of in guinea pigs was first described by TASAKI (1954) . Later studies extended his observations and illustrated many properties of the fibers' responses to tonal stimuli in other species (KATSUKI et al., 1962; KIANG et al., 1965; ROSE et al., 1967) . One characteristic of the auditory nerve fibers to acoustic stimuli of low frequencies is the phase-locked response. ROSE and his colleagues (1967) reported that the responses were spaced at intervals which grouped around the integral multiples of the period of the stimulus tone for frequencies as high as 5 kHz. These results imply a unidirectional sensitivity of the auditory nerve fibers to the motion of the basilar membrane. Other experiments performed with both clicks and tones also indicated that the motion of the basilar membrane in one direction resulted in neural excitation but that motion in the other direction did not; the excitatory direction being that which corresponded to rarefaction of the stimulus at the eardrum (DAVIS et al., 1950 ; PEAKE and KIANG, 1962 ; BRUGGE et al., 1969) . Because the rarefaction stimulus was considered to be excitatory, it is often assumed that "upward" motion of the basilar m embrane toward the scala vestibuli corresponds to excitation of the auditory nerve fibers. The assumption is, for instance , implicit in ROSE 'S statement (1967) that "spikes are discharged according to successive unidirectional elevations of the cochlear partition." This notion was further supported by the morphological and physiological polarization of hair cells proposed by FLOCK et al. (1962) and by the electromechanical model suggested earlier by DAVIS (1961) .
As the phase of the traveling was varies continuously along the length of the basilar membrane, the tone-induced cochlear microphonic (CM) recorded at a given location of the cochlea does not always show a precise estimation of the motion of the basilar membrane at the point of termination of the auditory nerve fibers under study. In addition, auditory nerve fibers with characteristic frequencies (CF's) higher than 5 kHz do not demonstrate phase-locked responses (ROSE et al., 1967) . Therefore it appears impossible to illustrate the temporal relation between the motion of the basilar membrane and initiation of auditorynerve responses, even when the CM and auditory-nerve responses are simultaneously observed.
To overcome the difficulties described above, WATANABE (1965) used an electromagnet to attract or repel the tympanic membrane of cats and found that the responses of the primary neurons to square wave stimulation occurred only at the onset or cessation of stimuli. No monitor of the motion of the basilar membrane was mentioned in his paper and it is doubtful that the steady phase of stimulus he used resulted in static displacement of the basilar membrane, since the helicotrema quickly equalizes the pressure difference between the scala vestibuli and tympani.
The purpose of the present study was to investigate the temporal relationship between the motion of the basilar membrane and the neural responses of the auditory nerve fibers, when the basilar membrane is displaced in one direction from the resting position. This was achieved by applying a trapezoidal displacement to the round window after plugging the helicotrema. Our results show that the majority of the auditory nerve fibers demonstrate an increase of discharge rate during the displacement of the basilar membrane toward the scala BASILAR   MEMBRANE  MOTION  AND NERVE  IMPULSE  INITIATION   293 tympani and a decrease of the resting activity during displacement in the opposite direction. The possibility that similar principles operate in the encoding of the alternating motion of the basilar membrane in the auditory nerve fibers is discussed. The preliminary report was presented at the 84th meeting of the Acoustical Society of America in Miami Beach (KONISHI and NIELSEN, 1973 
RESULTS

Microphonic response elicited by trapezoidal motion of the round window membrane
With the helicotrema open, the inward displacement of the round window membrane resulted in a transient decrease of EP which was followed by damped oscillation. At the moment when the round window membrane returned to the resting position, the EP showed a transient increase followed by a damped oscillation with the different characteristics to that observed at the onset of the stimulus (Fig.1A) . The outward motion of the round window membrane elicited the same response pattern, except that the changes in EP were in the opposite direction (Fig.1B) . The amplitude of these transient changes at onset and cessation of the stimulus was smaller in the basal turn than in the third turn. Also the damped oscillation shown in Fig. 1 ceased more quickly in the basal turn than in the third turn.
When the helicotrema was occluded with bone wax, the trapezoidal displacement of the round window membrane elicited trapezoidal changes in EP in the basal turn (Fig. 2) , which we have called the trapezoidal CM in the following description. As shown in Fig. 2 , the inward motion of the round window membrane produced a negative-going trapezoidal CM and outward motion a positivegoing trapezoidal CM. It is not known whether the quantitative differences between the magnitude of the trapezoidal CM generated by inward and outward displacement of the round window membrane arise from the nonlinearity of the cochlea or an artifact in the method used to displace the membrane. When the duration of the trapezoidal stimulus was increased to 1 sec or longer, the trapezoidal CM decreased in magnitude and immediately after the stimulus showed an overshoot which gradually returned to the prestimulus level. The fatigue and overshoot of the trapezoidal CM were observed in both the basal and upper turns of the cochlea. Since the CM reflects the displacement of the basilar membrane (VON BEKESY, 1951) and is an accurate measure of the displacement of the basilar membrane within some limitations (DALLOS and CHEATHAM, 1971) , the above mentioned control studies demonstrate that the whole length of the basilar membrane can be displaced in one direction by application of trapezoidal motion to the round window membrane when the helicotrema is obstructed. Pattern of neural response to trapezoidal motion of round window membrane 1. Response pattern. The neural responses to trapezoidal displacement of the round window membrane were studied in 424 auditory nerve fibers in 45 guinea pigs with the helicotrema plugged. All fibers reported in this section responded to accoustic stimuli. The majority of the auditory nerve fibers demonstrated a tonic response which was directionally sensitive (tonic response). There were also fibers in which the responses only showed changes at the onset and/or cessation of the displacement of the basilar membrane (phasic response). Others demonstrated a combination of tonic and phasic responses (compound response). There were a few fibers which did not respond to static displacement of the basilar membrane (non-responsive).
i. Tonic response: The principle findings were that the majority of the auditory nerve fibers were excited by the motion of the basilar membrane (as indicated by the polarity of the trapezoidal CM) toward the scala tympani and that the spontaneous activity was decreased by motion in the opposite direction. Only a few fibers demonstrated the reverse pattern which was expected from our interpretation of previous reports (DAvis et al., 1950; PEAKE and KIANG, 1962; BRUGGE et al., 1969; ROSE et al., 1967) . Figure 4 shows one example of this expected response pattern of an auditory nerve fiber to the static displacement of the basilar membrane. As demonstrated by the negative polarity of the trapezoidal CM, the inward motion of the round window membrane produced a trapezoidal displacement of the basilar membrane toward the scala vestibuli. The auditory Fig. 4 . The tonic response of a single auditory nerve fiber to the trapezoidal motion of the round window membrane (dot display). The trapezoidal microphonics were superimposed to show the temporal relationship between microphonic response and nerve impulses. CF 0.22 kHz. Bottom section, spontaneous activity; middle section, response to the displacement of the basilar membrane toward the scala vestibuli; uppermost section, response to displacement toward the scala tympani . Vol. 28, No. 3, 1978 nerve fiber showed an increase in activity during the entire period of displacement (Fig. 4 middle section) . The outward displacement of the round window membrane produced the opposite effect, namely, a decrease of the spontaneous activity during the displacement of the basilar membrane toward the scala tympani (Fig. 4,  uppermost section) . Also a strong rebound effect was noticed after cessation of outward and inward motion of the basilar membrane.
Most auditory nerve fibers, however, demonstrated a response pattern opposite to that in Fig. 4 . Figure 5 shows the typical response of an auditory nerve fiber to the unidirectional motion of the basilar membrane. Outward motion of the round window membrane produced a trapezoidal CM with a positive polarity which indicated a static displacement of the basilar membrane toward the scala tympani and resulted in an increased discharge rate in the neural response during the entire period of stimulation ( Fig. 5A and B, uppermost sections). Inward motion of the round window membrane was accompanied by a negative trapezoidal CM, which indicated a trapezoidal displacement of the basilar membrane toward the scala vestibuli. The rate of the resting activity was decreased during the latter motion. Table 1 shows a summary of the tonic response patterns to the trapezoidal motion of the basilar membrane. Of 424 auditory nerve fibers, 164 fibers (38.7 %) exhibited the tonic response to the unidirectional motion of the basilar membrane as shown in Figs. 4 The numerals indicate the number of the auditory nerve fibers which are characterized by increase, decrease or no change of their discharge rate during the outward (out) and inward (in) displacement of the round window membrane (RW). Note that 150 out of 164 fibers show decrease of discharge rate during the inward displacement of the round window membrane and an increase during the displacement in the opposite direction. Only 11 fibers show the reverse response pattern. basilar membrane toward the scala tympani and suppression of the spontaneous activity during its displacement toward the scala vestibuli (Fig. 5) . Only 11 fibers (6.7 %) showed excitation associated with the displacement of the basilar membrane toward the scala vestibuli and suppression of responses with its displacement in the opposite direction (Fig. 4 ). There were 3 fibers which showed excitation with displacement of the basilar membrane toward one direction but no response when the displacement was in the opposite direction. These fibers had low spontaneous activity and this may account for our inability to detect a change in discharge rate. It is worthwhile to note that there were no fibers which responded to the displacement of the basilar membrane toward both scala vestibuli and tympani.
ii. Phasic response: Ninety seven fibers out of 424 fibers (22.9 %) did not show responses during the plateau of the trapezoidal displacement of the round window membrane but responded to the onset and/or cessation of the stimulus. Figure 6 shows one example of the phasic response. Although this particular fiber responded to onset and cessation of the trapezoidal displacement of the basilar membrane toward the scala vestibuli and tympani, the direction of this response was not generally consistent from one unit to another.
iii. Compound response: One hundred and seventeen fibers showed both tonic and phasic responses when the round window membrane was displaced in one direction. Figure 7 shows one example of this type of response. During the plateau of displacement of the basilar membrane toward the scala vestibuli, as demonstrated by the polarity of the trapezoidal CM, the auditory nerve fiber showed a decrease in discharge rate. This fiber also responded to the onset and cessation of the displacement (Fig. 7A and B middle section) . The outward displacement of the round window membrane resulted in an increase of discharge rate during the plateau of the displacement and a time-locked response at the onset of the dis- placement ( Fig. 7A and B, uppermost section) . The phasic component of the compound response again did not show a consistent directional sensitivity. However, the tonic component demonstrates a directional sensitivity as shown in Table 2 . Of 117 fibers, 106 fibers (90.6%) showed an increase in the discharge rate during the displacement of the basilar membrane toward the scala tympani and suppression of the spontaneous activity during its displacement toward the scala vestibuli. Only two fibers (1.7 %) showed excitation associated with displacement of the basilar membrane toward the scala vestibuli and suppression of response during its displacement toward the scala tympani. Again there were no fibers which showed excitation during displacement in both directions. Likewise, a decrease of the spontaneous ac-BASILAR   MEMBRANE  MOTION  AND NERVE  IMPULSE  INITIATION  301   Table 2 . Tonic response pattern of 117 auditory nerve fibers showing tonic and phasic responses to unidirectional motion of the round window membrane.
As in Table 1 , the numerals indicate the number of the auditory nerve fibers showing changes in their discharge rate during inward (in) and outward (out) displacement of the round window membrane (RW). tivity was never observed for displacement in both directions.
iv. Non-responsive: In 46 fibers, the neural responses were not altered by unidirectional displacement of the basilar membrane sufficient to elicit a trapezoidal CM of 5 mV.
2. Characteristic frequency. The distribution of CFs of 424 fibers is shown in Table 3 . Although the CFs of all the fibers we analyzed were distributed Table 3 . Distribution of characteristic frequency of auditory nerve fiber showing different response types.
fairly uniformly across the frequency scale, there were distinct correlations between the distribution of CFs and types of neural responses. About 90 % of fibers showing tonic responses had CFs higher than 5 kHz. Most of the fibers which showed compound responses had CFs ranging from 0.5 kHz to 9.9 kHz. On the other hand, the CFs of fibers showing the phasic responses were relatively low. Of 97 fibers, 89 fibers had CFs below 4.9 kHz. In almost 50 % of these fibers the CFs ranged from 0.5 kHz to 0.9 kHz. The distribution of CFs of 269 fibers that showed tonic responses is shown in Table 4 . More than 50 % of these fibers had CFs higher than 5 kHz. The distribution of CFs in 256 fibers which demonstrated tonic excitation with the displacement of the basilar membrane toward the scala tympani showed a trend toward high CFs. The 13 fibers which were excited by displacement of the basilar vol. 28, No. 3, 1978 302 T. KONISHI and D. W. NIELSEN TASAKI et al. (1954) found that "upward" movement of the basilar membrane toward the scala vestibuli reduced the dc polarization in the scala media and its movement toward the scala tympani was accompanied by an increase of the dc polarization. Their results demonstrate that the source of changes in the de potential in the scala media produced by the motion of the basilar membrane is the organ of Corti and that the polarity of the potential change is correlated with the direction of motion of the basilar membrane. Thus it is apparent that dc potential changes in the scala media allow us to estimate the direction of displacement of the basilar membrane.
With the helicotrema open, the CM reflects the first derivative of the mechanical stimulus applied to the round window membrane (Fig. 1) . Our results confirm the observation made by WEISS et al. (1969) which shows that the displacement of the cochlear partition is proportional to the velocity of the stapes. When the helicotrema is plugged, the displacement of the basilar membrane becomes proportional to the displacement of the round window membrane at very low frequencies of stimulation. Our results indicate that the phase difference between the basal and third turn of the cochlea remained unchanged after obstruction of the helicotrema at frequencies higher than 200 Hz (Fig. 3) . DALLOS and CHEATHAM (1971) concluded that the measurement of CM phase difference at two locations of the cochlea reflects approximately the mechanical motion of BASILAR MEMBRANE MOTION AND NERVE IMPULSE INITIATION 303 the cochlear partition within the range of frequency where CM at least represents the local CM. Our results are compatible with the data reported by DALLOS and CHEATHAM (1971) and demonstrate that occlusion of the helicotrema does not result in marked alteration of the travel time of the traveling wave produced by acoustic stimuli. DALLOS (1970) reported that the sensitivity to low frequencies was dependent on the physical size of helicotrema which in guinea pigs results in low cut off frequency of around 300 Hz. It is conceivable from DALLOS' calculation (1970) that the occlusion of the helicotrema does not change the mode of the traveling wave in response to acoustic frequencies. From the results shown here it is likely that the response pattern of single auditory fibers to stimuli above 200 Hz in animals in which the helicotrema had been plugged may also be similar to that occurring in the normal cochlea with open helicotrema.
Our consistent finding was that the auditory nerve fibers exhibited unidirectional sensitivity. Surprisingly more than 90 % of the auditory nerve fibers we described in RESULTS demonstrated excitation during "downward" displacement of the basilar membrane toward the scala tympani and less than 5 % of the fibers showed the reverse response pattern. These data are difficult to reconcile with the experimental data obtained in response to acoustic stimuli (TASAKI, 1954; PEAKE and KIANG, 1962) and the theoretical expectation derived from the DAVIS' mechanoelectrical theory (1961) . TASAKI (1954) first attempted to study the relationship between motion of the basilar membrane and response of the auditory nerve fibers. His results demonstrated the directional sensitivity of the hair cells and he assumed the excitatory direction of the basilar membrane to be toward the scala vestibuli. KIANG et al. (1965) studied the pattern of neural response to click stimuli. Their results showed that in auditory nerve fibers with CFs below 5 kHz the peaks in the poststimulus time histograms corresponded to the rarefaction phase of the clicks and the spontaneous activity was reduced at times corresponding to the condensation phase of stimuli. These results were confirmed by PFEIFFER and KIM (1972) . These previous observations led to the expectation that, in fibers with low CFs, excitation of the auditory nerve fibers is associated with the deflection of the basilar membrane toward the scala vestibuli and suppression is associated with motion in the opposite direction. While our study was in progress, ZWISLOCKI and SOKOLICH (1973) independently reported the existence of auditory nerve fibers which exhibited excitation in response to the motion of the basilar membrane toward the scala tympani. The fundamental question of why a discrepancy exists between the previous reports and ours therefore arises. It might be prudent to defer speculation on this question until some unsettled anatomical questions have been answered. Recently SPOENDLIN (1972) demonstrated that 90 to 95 % of the auditory nerve fibers terminate in the inner hair cells and only 5 %, or less, innervate the outer hair cells. Because terminals of the auditory nerve fibers studied in our experiments were not morphologically identified, it is too early to 304 T. KONISHI and D. W. NIELSEN correlate our results with Spoendlin's findings. It has been shown by DALLOS et al . (1972) and KARLAN et al. (1972) that the potential recorded from the intact cochlea arises largely from the outer hair cells. In our present state of knowledge the most plausible explanation would be that displacement of the basilar membrane can have the opposite effect on the two sets of hair cells .
About 23 % of the auditory nerve fibers collected responded to the onset and/or cessation of the trapezoidal motion of the basilar membrane. This finding is relevant to the recent report of DALLOS et al. (1972) . Based on their findings in kanamycin-treated guinea pigs, they proposed the hypothesis that the inner hair cells respond to the velocity of the basilar membrane, whereas the outer hair cells respond to its displacement. ZWISLOCKI and his colleagues (1974) also reported velocity-sensitive fibers and postulated that displacement and velocity responses may interact. They speculated that the possible interaction provides a sufficient mechanism for the neural "sharpening" of the mechanical frequency analysis in the cochlea. Careful analysis of those fibers that responded to rising and/or falling period of the trapezoidal motion of the basilar membrane revealed no consistency in terms of directional sensitivity which is in sharp contrast to the tonic responses to the displacement of the basilar membrane. The CFs of these fibers are mainly distributed in low and middle frequencies. It is obvious that any transient ringing occurring at the rising and falling period of trapezoidal stimulus applied to the round window membrane would produce a traveling wave along the cochlea. Furthermore, no one can be sure that the helicotrema was completely obstructed by bone wax. Slight leakage at the helicotrema is apparently able to generate a traveling wave. If these occur , the excursion of the basilar membrane is greater in the upper turn than in the basal turn of the cochlea , as shown in Fig. 3 . This may account for low CFs of fibers with phasic responses . From these considerations it is possible that all the phasic responses we observed did not represent velocity-sensitive fibers, but at least some are more likely to represent artifacts. Further studies are needed to differentiate between these possibilities.
It is apparent from our results that a large amplitude of trapezoidal CM is required to modify the spontaneous activity of the auditory nerve fibers . About 10 % of fibers did not respond to the trapezoidal motion of the basilar membrane . FURUKAWA and Ism' (1967) observed effects of static pressure changes on both the CM of the sacculus and on responses of single eighth nerve fibers when pressure changes were applied to the abdomen of goldfish. They found that static displacement of the otolith had a great effect on the generation of postsynaptic potentials . Furukawa suggested that changes in membrane permeability at the top of the hair cells could exhibit adaptation when the stereocilia were statically displaced in one direction (in personal communication). This may account for our finding that acoustic stimuli elicit nerve impulses in the auditory nerve fibers more effectively than does static displacement of the basilar membrane . It has been reported by KIANG et al. (1969) that in a given auditory nerve fiber, the discharge rate versus intensity of functions were monotonic for some frequencies of stimuli and for others there was a dip at high stimulus level. They found that responses of the nerve fibers with low CF showed large phase changes relative to the stimulus at or above 90 dB SPL when these dips occurred in their discharge rate versus intensity level functions. Later SACHS and ABBAS (1974) confirmed their findings and also found that in some fibers the dip disappeared or became an inflection in the curve during the course of the study. We have tested the rate versus level functions in several fibers showing tonic responses when the amplitudes of the trapezoidal stimuli were varied. These fibers showed that rate of activities is a monotonic increasing function of stimulus level. Although our data were limited, we have not observed non-monotonic rate functions. Therefore it is likely that the stimulus levels used in our experiment do not alter the directional sensitivity of hair cells.
Recently the differences between the frequency response of the basilar membrane and the tuning curves of the auditory nerve fibers have been of interest. EVANS (1972) measured both mechanical and neural tuning curves in guinea pigs and concluded that, at least in guinea pigs, another filtering system must be involved in addition to the mechanical filtering of the basilar membrane. GEISLER et al. (1974) used the squirrel monkey and their data supported Evans' view. RUSSEL and SELLICK (1977) recorded the summating potential (SP) from the inner hair cells of guinea pigs and measured the degree of tuning of the SP. They found the sharpness of the SP at or near theshold to be comparable with that of the cochlear nerve fibers which they interpreted to suggest that the sharpening of tuning occurs at the level of the hair cells and does not involve neural interaction. It is known that the hair cells can respond to the trapezoidal motion of the basilar membrane at extremely low frequencies, yet a large magnitude of hair-cell responses is needed to modify the spontaneous activity of the auditory nerve fibers. This seems to indicate the presence of additional processing and supports the view as expressed by GEISLER et al. (1974) that the displacement waveform of the basilar membrane does not appear to be the sole input to the auditory nerve fibers.
